Graphdiyne is prepared on metal surface, and making devices out of it inevitably involves contact with metals. Using density functional theory with dispersion correction, we systematically studied for the first time the interfacial properties of graphdiyne contacting with a series of metals (Al, Ag, Cu, Au, Ir, Pt, Ni, and Pd). Graphdiyne is in an n-type Ohmic or quasi-Ohmic contact with Al, Ag, and Cu, while it is in a Schottky contact with Pd, Au, Pt, Ni, and Ir (at source/drain-channel interface), with high Schottky barrier heights of 0.21, 0.46, (n-type), 0.30, 0.41, and 0.46 (p-type) eV, respectively. A graphdiyne field effect transistor (FET) with Al electrodes is simulated by using quantum transport calculations. This device exhibits an on-off ratio up to 10 4 and a very large on-state current of 1.3 × 10 4 mA/mm in a 10 nm channel length. Thus, a new prospect is opened up for graphdiyne in high performance nanoscale devices.
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Due to three hybridization states (sp 1 , sp 2 and sp 3 ), carbon can form a set of allotropes, such as fullerenes, 1 carbon nanotubes, 2 and graphene. 3 Graphene has significant potential application in the nanoelectronics because of its high carrier mobility. However, the zero band gap limits its application in effective field effect transistor (FET). In spite of the fact that additional efforts such as applying an electric field or single-side adsorption of atoms/molecules on bilayer and ABC-stacked few-layer graphene 4 or sandwiching graphene by BN single layer have been done, 5 opening a large band gap without degrading its electronic properties remains a tough challenge for graphene. As a novel two-dimensional carbon allotrope that has both sp 1 and sp 2 carbon atoms, 6, 7 graphdiyne was first prepared by
Li's group on the Cu surface via a cross-coupling reaction using hexaethynylbenzene in
2009
. 8 It has a conductivity of 2.516×10 -4 S/m, typical of a semiconductor. The calculated band gap at the density functional theory (DFT) level is about 0.5 eV. 9 The calculated in-plane intrinsic electron and hole mobility in graphdiyne can reach the order of 10 5 and 10 4 cm 2 V -1 s -1 , 10 respectively, at room temperature, which are comparable with those of graphene.
As one atomic layer thick material, short-channel effects are expected to be greatly suppressed in graphdiyne, 11 and a FET based on graphdiyne probably can be scaled down to very short channel length. Therefore, graphdiyne is a promising candidate material for high-speed applications in logic devices. To date, most previous studies about graphdiyne have focused mainly on the electronic, optical, and mechanical properties, 9, 12, 13, 14, 15 or the application in hydrogen purification and storage, 16 solar cells, 17 photocatalytics, 18 anode of lithium batteries, 19, 20 and efficient field emission 21 etc. Very little attention was paid to its FET performance.
As we all know, fabricating devices out of graphdiyne inevitably involves contact with metal electrodes, and good contact always improves device performance remarkably.
Together with the fact that graphdiyne is prepared on the Cu substrate, it is of fundamental interest to explore the graphdiyne-metal contacts from theoretical aspect. However, to the best of our knowledge, the interfacial properties of graphdiyne on metals remain an open question.
In this paper, we systematically study for the first time the interfacial properties of graphdiyne on a variety of metals (Al, Ag, Cu, Au, Ir, Pt, Ni, and Pd) by using DFT. The band 3 structure of graphdiyne is destroyed on Ir, Pt, Ni, and Pd surfaces as a result of a chemisorption, but is preserved on Al, Ag, Cu, and Au surfaces as a result of a physisorption.
Al, Ag, and Cu electrodes are in an Ohmic or quasi-Ohmic contact with graphdiyne, while Pd, Pt, Ni, Ir, and Au electrodes are in a Schottky contact with it. Subsequently, a graphdiyne FET device with Al electrodes is simulated by using the quantum transport approach. The 10 nm-channel-length graphdiyne FET reveals an on-off ratio up to 10 4 , suggestive of the great potential of graphdiyne as the channel of a high performance nanoscale FET.
Computational details
We choose five layers of metal atoms (Al, Ag, Cu, Au, Ir, Pt, Ni, and Pd) in (111) orientation to simulate the metal surfaces which cover a wide range of workfunction and construct a supercell with graphdiyne absorbed on one side of the metal surfaces, as shown in Fig. 1 . We fix the in-plane lattice constant of graphdiyne to the value a = 9.45 Å. 22 The 2 Table 1 . A vacuum buffer space of at least 15 Å is set. Graphdiyne mainly interacts with the topmost two layers metal atoms, so cell shape and the bottom three layers of metal atoms are fixed.
The geometry optimizations and energy of optimized configuration are performed with the ultrasoft pseudopotentials plane-wave basis set with cut-off energy of 240 and 310 eV separately, implemented in the CASTEP code. 23 Generalized gradient approximation 24 (GGA) of PBE form to the exchange-correlation functional is used. Take into account Van der Waals force, a DFT-D dispersion-correction approach is adopted. 25 The electronic structure calculations are analyzed via additional calculations based on the plane-wave basis set with a cut-off energy of 400 eV and the projector-augmented wave (PAW) pseudopotential 26 implemented in the Vienna ab initio simulation package (VASP) code. 27 28 To obtain reliable optimized structures, the maximum residual force is less than 0.01 eV/Å and energies are converged to within 5×10 -6 eV per atom. The Monkhorst-Pack k-point mesh 29 is sampled with a separation of about 0.02 Å -1 in the Brillouin zone during the relaxation and electronic calculation periods. The zero-bias conductance and the current at a finite bias are given by the Landauer-Büttiker formula:
where
is the transmission probability at a given gate voltage Vg and bias voltage Vbias, fL/R the Fermi-Dirac distribution function for the left (L)/right (R) electrode, and μL/R the electrochemical potential of the L/R electrode, and μL/R = EF  Vbias/2. GGA) of PBE form 24 to the exchange-correlation functional is used through this paper.
Results and Discussions
Graphdiyne-metal contacts The key parameters of graphdiyne-metal contacts are listed in Table 1 . The binding energy Eb of the graphdiyne-metal contact is defined as
where EC, EM, and EC/M are the relaxed energy for pristine graphdiyne, the clean metal surface, and the combined system, respectively, and N is the number of interfacial carbon atoms in a between metal and graphdiyne.
The absolute band position is an important metric to evaluate the SBH in 7 graphdiyne-metal interfaces. It is well known that DFT cannot estimate the band gap and thus the absolute band position of pristine semiconductor accurately, because it is a single-electron theory. Actually, the band gap of graphdiyne calculated by DFT and GW methods is 0.46 and 1.1 eV, 9 respectively. Many-electron effects must be taken into account to accurately predict the band structure of a semiconductor and they are even further enhanced with the reduced dimensionality 35, 36, 37, 38, 39 . A feasible method to determine the accurate band edge positions of a freestanding semiconductor is first-principles many-electron Green function approach within the GW approximation, where electron-electron correlation effects are treated properly, and the GW correction can give a band gap consistent with photoemission/inverse photoemission gap measurements. We propose that the Fermi level or the band gap center (BGC), namely, the average at the valence band maximum (VBM) and the conduction band minimum (CBM), is unchanged after GW correction, and the energy at CBM and VBM of graphdiyne after GW correction
Where has also been adopted to obtain the absolute band position by Jiang 40 , Gong etc. 41 and Toroker
etc.

42
. Actually, Yang et al. 43 found that the absolute band-edge energies for monolayer dichalcogenides given by the direct GW method and the GW-BGC scheme are quite similar. . 44 Actually, it is reported in our early calculation that the band gap center of graphdiyne calculated by DFT and GW methods only differ by 0.05 eV . 9 Therefore, GWBGC scheme is validated for graphdiyne. 8 As far as V is concerned, many-body effects are less significant 45, 46 , because the metal contact may greatly reduce electron-electron correlation especially if a large amount of charge transfer takes place and the DFT band edge positions and band gap are a good approximation.
For example, the band gap at the Dirac point of heavily doped silicene only increases slightly from 0.34 to 0.38 eV upon the inclusion of the many-body effects 45, 46 . Therefore, we do not make a GW correction in calculating V. But L depends on the band edge positions of the semiconducting channel, where electron-electron correlation is expected to remain or is affected insignificantly by dielectric under it 47 . Vertical SBH V is determined by the band structures of graphdiyne underneath metals and the Fermi level EF of absorbed systems shown in Fig. 3 and Fig. 4 . Because EF of the absorbed systems is above the CBM of graphdiyne on Al, Ag, and Cu surfaces, there is no vertical metal-graphdiyne Schottky barrier for the three contacts at the two schemes. The
Ohmic contact between graphdiyne and Al and Cu surfaces in the vertical direction has been measured by Li's group. 8 Nor does a vertical Schottky barrier exist for Ir, Pt, Ni, and Pd contacts at the two schemes because a strong band hybridization has taken place. By contrast, there is a quite small vertical Schottky barrier, which can be ignored, in terms of the difference between the EF of absorbed systems and the CBM of graphdiyne underneath Au electrodes of V  = 0.01 eV.
Lateral SBH L is determined by the energy difference between the absorbed system EF and the CBM (n-type) or the VBM (p-type) of channel graphdiyne. Graphdiyne forms an
Ohmic contact with Al, Ag, and Cu in the lateral direction at DFT method since the absorbed system EF is higher than CBM of channel graphdiyne at DFT method; After GW-BGC In our above calculations, we adapt the lattice constant of graphdiyne to that of Ni surface. Next, we explore the effects of the match way on the work function and the lateral SBH of Ni-graphdiyne interface by adapting the lattice constant of graphdiyne (1×1 unit cell)
to that of Ni surface (4×4 unit cells). The buckling height of graphdiyne in this match way is smaller than that of the system with the lattice constant of Ni surface adjusted to that of graphdiyne, as shown in Fig. S2 , because graphdiyne is stretched in this match way. The workfunction of the system with Ni surface adjusted to graphdiyne is only 0.12 eV larger than that of the system with graphdiyne adjusted to Ni surface, as a result the lateral SBH L will be reduced by 0.12 eV without changing the doping type. graphdiyne-metal contact. 51 The Fermi levels of Al, Ag, Cu, Au, and Pd-graphdiyne absorbed systems are higher than that of the channel graphdiyne and form n-type contact, while the Fermi levels of Ir, Pt, and Ni-graphdiyne absorbed systems are lower than that of their channel graphdiyne and form p-type contact. Therefore, graphdiyne p -n junction can be fabricated by using Al, Ag, Cu, Au, or Pd to contact one end of graphdiyne and Ir, Pt, and Ni to contact the other end of it. Photoelectronic applications of graphdiyne can be developed.
Graphdiyne field effect transistor
Page 10 of 28 Nanoscale Nanoscale Accepted Manuscript 11 To assess the electron transport performance of graphdiyne, we further simulate a graphdiyne FET in a top-gated two-probe model. We adopt Al as the electrodes in the following transport simulations because Al provides an Ohmic contact with graphdiyne in the vertical and lateral interface direction and Al electrode has actually be used. 8 The schematic model is presented in Fig. 6(a) and the distance between the Al lead and graphdiyne is 3.41 Å according to our DFT results. The dielectric region is made of SiO2 with a thickness of 10 Å.
To start with, we calculated the band structures of graphdiyne and the transmission spectrum of a 6 nm-channel-length graphdiyne FET using the DFT method with single-ζ (SZ) basis set to benchmark our semiempirical (SE) extended Hückel results (Fig. S3) . The band structure and transmission spectrum calculated between the two methods are similar, especially the size and position of the band gap and transmission gap are highly consistent. Thus the SE approach is reliable and could be a good substitution of DFT in our transportation simulation.
Then we focus on the transport properties of the graphdiyne FET with a larger channel length L = 10 nm. The transmission spectra of the device under Vg = 0 V is shown in Fig. 8(a) . A transport gap of 0.47 eV appears below EF and electrons are the majority charge carriers in this transistor, as expected from the calculated band alignment shown in Fig. 7 . Therefore by applying a negative gate voltage to the channel, the conductance can be decreased, and an on-off switch is expected. The transmission coefficient of a FET T(E), is proportional to the product of the projected density of states (PDOS) of electrodes and channel:
are the PDOS of the channel and the left/right lead, respectively. Therefore the transmission gap originates from the similar-sized PODS gap of the graphdiyne channel ( Fig. 8(b) ) and further originates from the band gap of infinite graphdiyne (0.46 eV).
As shown in Fig. 8(a) , at Vg = 0 and −5 V an obvious transport gap of about 0.47 eV is located below EF, leading to a large transmission coefficient at EF (T(EF)), while at Vg = −7.1 V, the gap is shifted to EF, leading to a drastic decrease of T(EF). . 55 The large on-current in graphdiyne FETs is attributed to the high carrier mobility of graphdiyne 10 (J  μ) and is beneficial to shorten the gate delay and
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Nanoscale Accepted Manuscript 13 speed up the device operation. When Vbias is further increased, this 10 nm-channel-length graphdiyne FET exhibits a negative differential resistance (NDR) behavior, with a peak-to-valley ratio of 3 although no NDR is observed for long channel graphdiyne film. 8 Computing technology requires a FET with channel length smaller than 10 nm in next decades, but bulk Si FET for some time will not perform reliably at sub-10 nm channel length, because short-channel effects are becoming more and more apparent, resulting in serious degradation of device performance and invalidation of Moore's law. 56 Graphdiyne is a possible substitute material for bulk Si at 10 nm channel length. 57 However, when the channel length decreases to 6 nm, the performance of the graphdiyne FET is greatly degraded: the on-off ratio is 10 2 , and the steepest SS is 285 mV/dec ( Fig. 8(c) ). Therefore, the short-channel effect still remarkably affects the performance of sub-10 nm graphdiyne FETs. Besides, NDR behavior is also obtained in the 6 nm-channel-length graphdiyne FET, with a peak-to-valley ratio of 2. NDR can be applied in high frequency switches, oscillators, and memories, etc.
The transmission spectra of the 10 nm-channel-length graphdiyne FET as a function of Vbias are provided in Fig. 9 (a) to give an insight into the observed NDR behavior. With the increasing Vbias, the transmission spectrum is shifted towards a higher energy. When Vbias < 0.6 V, the change of the transmission spectrum is insignificant. When Vbias > 0.6 V, the transmission coefficients are suppressed in both the valence and conductance bands, and another transport gap ∆L occurs below the already existed gap ∆R, with a roughly same size with ∆R. Moreover, the gap ∆R is elevated into the bias window. Simplified band diagram of the FET is provided in Fig. 9 (b) -9(d) to illustrate the change of the transmission spectra with the increasing Vbias. When 0 < Vbias < 0.6 V the band profile of the channel is merely slightly affected ( Fig. 9(c) ) and so is the transmission spectrum. According to Eq. 2, the current increases with Vbias. As Vbias further increases, the electric potential difference between the two parts of the channel near the source and drain regions gets larger ( Fig. 9(d 
